Aims/hypothesis Sedentary offspring of patients with type 2 diabetes are often more insulin-resistant than persons with no family history of diabetes, but when active or fit offspring of type 2 diabetic patients are compared with non-diabetic persons, differences in insulin resistance are less evident. This study aimed to determine the effects of an exercise training intervention on insulin sensitivity in both groups. Methods Women offspring (n=34) of type 2 diabetic patients (offspring age 35.6±7.0 years, BMI 28.1±5.1 kg/m 2 ) and 36 matched female controls (age 33.6±6.1 years, BMI 27.3± 4.7 kg/m 2 ) participated. Body composition, fitness and metabolic measurements were made at baseline and after a controlled 7 week exercise intervention.
Results At baseline, insulin sensitivity index (ISI) was 22% lower in offspring than controls (p<0.05), despite similar body fat and maximal oxygen uptake : V O 2 max Þ À values in the two groups. ISI increased by 23% (p<0.05) in offspring following the exercise intervention, compared with 7% (NS) in the controls. Increases in : V O 2 max were similar in both groups (controls 12%, offspring 15%, p<0.05 for both). Plasma leptin concentrations decreased significantly in the offspring (−24%, p<0.01) but not in controls (0%, NS). Change in ISI correlated significantly with baseline ISI (r=−0.47, p<0.0005) and change in leptin (r=−0.43, p< 0.0005). The latter relationship was not attenuated by adjustment for changes in body fat. Conclusions/interpretation Offspring, but not controls, significantly increased ISI in response to an exercise intervention, indicating that insulin sensitivity is more highly modulated by physical activity in daughters of patients with type 2 diabetes than in women with no family history of the disease.
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Introduction
The rapid increase in the prevalence of type 2 diabetes over recent years [1] must be attributed to changes in environmental factors, such as body fatness and exercise habits, as the human genome has not changed over this short period [2] . It has been suggested that being overweight with an abdominal fat distribution probably accounts for 80 to 90% [3] and a sedentary lifestyle accounts for at least 25% [4] of all type 2 diabetes incidence. However, as not all overweight and sedentary individuals develop the disease, it is clear that other non-environmental factors also play an important role in determining risk for type 2 diabetes. In sedentary populations, first-degree relatives of patients with type 2 diabetes have about three times the risk of developing diabetes than their counterparts with no family history of diabetes [5, 6] and, even when matched for BMI, are often more insulin-resistant than control participants [7] [8] [9] , suggesting that relatives have an innate susceptibility (probably due to some combination of genetic, epigenetic and/or 'early-origins' factors) to insulin resistance and diabetes. However, in epidemiological observations, the excess risk of developing diabetes that is associated with a diabetes family history is much greater in sedentary population groups than in physically active population groups, suggesting that the increased risk associated with a diabetes family history may be diminished (although not eliminated) at high levels of physical activity [10, 11] . In addition, recent cross-sectional reports suggest that modulation of insulin resistance in offspring of patients with type 2 diabetes may be particularly amenable to habitual physical activity or cardiorespiratory fitness level, such that inactive or unfit offspring are insulin-resistant compared with control participants with no diabetes family history, whereas active or fit offspring exhibit levels of insulin sensitivity that are much closer to persons with no diabetes family history [12] [13] [14] . Taken together, these observations suggest that healthy offspring of patients with type 2 diabetes possess an innate predisposition to insulin resistance, with consequent increased diabetes risk, which manifests when sedentary. However, this appears to be highly modulated by level of physical activity. We therefore hypothesised that, in response to the same exercise training intervention, offspring of type 2 diabetes patients would improve insulin sensitivity to a greater extent than control participants with no diabetes family history. Fig. 1 ). Offspring and control groups were matched for age and BMI. Three volunteers were taking prescribed medication (selective serotonin reuptake inhibitors in two participants, l-thyroxine in one participant) and medication was constant throughout their participation in the study. No participants reported initiation of prescription medications during the study. All participants gave written informed consent prior to inclusion in this trial which was approved by the Research Ethics Committee of the North Glasgow University Hospitals National Health Service Trust.
Methods

Participants and recruitment
Study design Participants were randomised into Exercise or Delayed exercise intervention arms using a computer program. The study design is shown in Fig. 1 Oral glucose tolerance test Participants reported to the metabolic suite after 12 h overnight fast. A cannula was introduced into an antecubital vein and after a 10 min interval, a fasting blood sample was taken. Participants then underwent an OGTT, consuming a 75 g oral glucose load in 300 ml liquid, with further blood samples taken at 30 min intervals for 120 min.
Body composition assessment Dual x-ray absorptiometry scans (Lunar Prodigy DEXA; GE Healthcare Diagnostic Imaging, Slough, UK) were used to determine body composition and fat distribution. Height, body mass, and waist and hip circumferences were also determined using standard protocols [18] .
Exercise intervention Participants underwent a 7 week endurance-type exercise training programme starting with 3×30 min of exercise in the first week and building progressively to 5×60 min of exercise in weeks 6 and 7 of the intervention. All participants were given free access to the University Sports Centre, provided with a downloadable heart rate monitor (Polar s610i, Polar Electro Oy, Kempele, Finland) and instructed to exercise at 65-80% of their predicted maximum heart rate for all exercise sessions. Participants were allowed to use whichever cardiovascular exercise equipment they preferred (e.g. treadmill, stepper, cycle ergometer, rowing ergometer) or attend scheduled aerobic exercise classes. Alternatively, participants were allowed to run, cycle or perform other modes of exercise at other locations, if they preferred, provided they completed the required duration and intensity of exercise. One exercise session per week was supervised by an investigator. At this session, heart rate data from the previous week's sessions were downloaded to verify compliance and the exercise plan for the following week was agreed. Other than participating in the exercise intervention, participants were requested to make no changes to their lifestyle for the duration of the study.
Analytical methods Blood samples were collected into potassium EDTA tubes and placed on ice. All samples were separated within 15 min of collection and stored at −80°C until analysis. Plasma total cholesterol and HDL-cholesterol were determined according to the Lipid Research Clinics Program Manual of Laboratory Operations [19] . LDLcholesterol was calculated using the Friedewald equation. Enzymatic colorimetric methods using commercially available kits were used to determine triacylglycerol (Roche Diagnostics, Mannheim, Germany), glucose (Roche Diagnostics), NEFA (Wako Chemicals, Neuss, Germany) and 3-hydroxybutyrate (Randox Laboratories, Crumlin, UK) concentrations. Insulin was determined using a commercially available ELISA with <0.01% cross-reactivity with proinsulin (Mercodia, Uppsala, Sweden). Leptin, which was measured because it influences insulin sensitivity [20] , has been reported to change with exercise training [21] and may differ between control and offspring groups [22] as defined here, was determined using a commercially available ELISA (R and D Systems, Abingdon, UK). All samples for each participant were analysed in a single analyser run. Coefficients of variation were <3.1% for all non-ELISA assays, <4% for the insulin ELISA and 8% for the leptin ELISA.
Calculation of insulin sensitivity Insulin sensitivity was calculated from fasting and post-glucose plasma glucose and insulin concentrations using the insulin sensitivity index (ISI) devised by Matsuda and DeFronzo [23] , i.e. 10,000/ √[(fasting glucose × fasting insulin) × (mean glucose during OGTT × mean insulin during OGTT)] (with glucose in mg/dl and insulin in μU/ml). Mean glucose and insulin concentrations during OGTT were calculated as the average of the 30, 60, 90 and 120 min values. This index is highly correlated with the rate of whole-body glucose disposal during a euglycaemic-hyperinsulinaemic clamp [23] . Based on data from the two baseline measurements made in the participants randomised to the Delayed exercise intervention arm, the within-participant test-retest coefficient of variation for ISI was 12.2%, with mean values for ISI differing by 3.2% between the two baseline measurements.
Statistical analysis Data were analysed using Statistica (version 6.0; StatSoft, Tulsa, OK, USA) and Minitab (version 13.1; Minitab, State College, PA, USA). Prior to analysis, data were tested for normality using the Anderson-Darling normality test and, if necessary, logarithmically transformed. We calculated 2 h AUCs following glucose ingestion using the trapezium rule. Differences between offspring and control groups at baseline were determined using unpaired t tests. In participants randomised to the Delayed exercise group, the second baseline measurements were used for the baseline assessments, unless the participant dropped out between the first and second baselines measures (n=5), in which case the first baseline values were used. Changes from the assessment conducted immediately pre-intervention to that conducted post-intervention in all participants who completed the intervention (i.e. between the first and second sets of tests in participants randomised to the 'Exercise intervention and between the second and third sets of tests in participants randomised to Delayed exercise intervention) were compared by two-way ANOVA (group × trial) with repeated measures on the 'trial' factor. The group × trial interaction term was used to determine whether the offspring and control participants responded differently to the intervention, with post hoc Tukey tests used to identify which group(s) changes occurred in. In separate analyses, similar comparisons were made between the first and second sets of tests in participants randomised to the Delayed exercise intervention to determine whether a 'study effect' could have contributed to the observed changes. Associations between variables were assessed using Pearson product-moment correlations. Multiple regression analyses were performed to establish the independence of relationships.
Results
Baseline data Physical and metabolic characteristics and energy intakes of the participants at baseline are shown in Table 1 . The offspring group had 27% higher fasting insulin concentrations (p<0.05) and 22% lower ISI (p<0.05) than controls. There were no significant differences between control and offspring participants in any of the other measured variables. Macronutrient compositions of diets also did not differ significantly between groups (data not shown).
Compliance to exercise intervention Six offspring participants and two control participants dropped out of the study before completion of the exercise intervention. Reasons for their withdrawal are shown on the flow diagram (ESM Fig. 1 ). Of participants who completed the intervention and attended for post-intervention testing, control participants (n=34) completed 28±6 exercise sessions (out of 32 possible sessions), undertaking 1,353±58 min of exercise at an average heart rate of 141±2 beats per min (73±1% of maximum heart rate) over the 7-week intervention period. The offspring participants (n=28) completed 29±7 exercise sessions, undertaking 1,451±107 min of exercise at an average heart rate of 144±2 beats per min (74±1% of maximum heart rate). None of these values differed significantly between the two groups.
Post-intervention data Changes in physical and metabolic characteristics and energy intakes of the control and offspring groups are presented in Table 2 and Figs 2, 3, 4. : V O 2 max (12% in controls, 15% in offspring, p<0.01 for both) and : V O 2 at lactate threshold (14% in controls, 11% in offspring, p<0.01 for both) increased to a similar extent in both groups. The improvement in cardiorespiratory fitness in both groups with the intervention is also illustrated by the right-shift in the : V O 2 vs heart rate relationship during sub-maximal exercise (Fig. 2) . The offspring group had small but statistically significant reductions in body mass (−1.6%, p<0.05), total fat mass (−3.7%, p<0.01), trunk fat mass (−3.0%, p<0.05), waist circumference (−1.8%, p<0.01) and hip circumference (−1.1%, p<0.05) following the exercise intervention, whereas in the control group, the only statistically significant anthropometric change was a small reduction in hip circumference (−0.9%, p<0.05).
There was also a significant interaction for the change in body mass with the intervention between the two groups (p<0.05), indicating a significantly greater reduction in body mass in response to the intervention in the offspring group. Energy intakes ( Table 2 ) and macronutrient compositions of diets (data not shown) did not change over the intervention in either group. In the offspring group only, fasting insulin (−23%, p< 0.05) and insulin AUC (−21%, p<0.01) significantly decreased and ISI significantly increased (23%, p<0.01) following the exercise intervention (Figs 3, 4) . Although a 7% increase in ISI was observed in the control group, this was not statistically significant and as the interaction for change in ISI (and insulin AUC) with the intervention was significant between the control and offspring groups (p< 0.05), this indicates a significantly greater improvement in insulin sensitivity in response to the exercise intervention in the offspring group. Circulating leptin concentrations decreased by 24% in the offspring group (p<0.01), but were unchanged in the control group, resulting in a significant group × intervention interaction (p <0.01) ( Table 2) . 
Fig. 2
Relationship between heart rate and V Á O 2 during incremental treadmill walking in control (a) and offspring (b) participants before (black circles) and after (white circles) the exercise intervention Tables 1 and 2 Correlations with change in ISI Change in ISI in response to the exercise intervention did not correlate significantly with changes in body fat, energy intake, : V O 2 max or : V O 2 at lactate threshold, but did correlate with baseline ISI (r= −0.47, p<0.0005) and with change in circulating leptin (r= −0.43, p<0.0005) (Fig. 5) . To determine whether the greater improvement in ISI in the offspring in response to the exercise intervention could be explained by differences in changes in fitness, energy intake, body fat or compliance with the exercise intervention between the two groups, multivariate regression analyses were undertaken, with change in ISI as the response variable and group (control or offspring), together with number of minutes of exercise completed, change in body fat, change in energy intake, change in V Á O 2 max or change in : V O 2 at lactate threshold as the predictor variables. In all of these analyses, group remained a significant predictor of the change in ISI in response to the intervention (all p<0.05), whereas none of the other factors included in the models were significant predictors of the change in ISI. Thus, the finding that ISI increased to a greater extent in the offspring than in the control group was not confounded by differences in compliance to the exercise intervention, differences in fat loss or differences in changes in fitness between the groups. When change in leptin concentration and group were included in a multivariate regression model, change in leptin was a significant predictor of change in ISI (p<0.01), whereas the statistical significance of group was lost (p= 0.29), indicating that the greater change in ISI in the offspring group was associated with their greater change in circulating leptin. When change in fat mass was added to this model, change in leptin remained a significant predictor of change in ISI (p<0.0005). Additionally, in multivariate regression analysis including baseline ISI and group as the predictor variables, baseline ISI was a stronger significant predictor of the change in ISI (p<0.0005) than group (p= 0.13). When baseline ISI, change in leptin and group were included in the same model, baseline ISI (p<0.0005) and change in leptin (p < 0.0005) were both independent predictors of change in ISI, whereas the significant effect of group was lost (p=0.81).
Changes during the usual lifestyle period for the Delayed exercise group There were no significant changes in any of the reported physical or metabolic variables over the course of the 7-week usual lifestyle period in the control (n=16) or offspring (n=13) participants randomised to the Delayed exercise intervention arm and completing this aspect of the study (data not shown), except for a small, but significant, increase in lean body mass in the offspring (Pre: 44.7± 1.7 kg; Post: 45.6±1.8 kg; p<0.05) but not the control (Pre: 42.8±1.7 kg; Post: 42.5±1.6 kg; NS) groups.
Discussion
The main finding of this study was that women with a family history of type 2 diabetes significantly improved insulin sensitivity in response to an exercise training programme, whereas no significant change in insulin sensitivity was observed in women matched for age and BMI but with no diabetes family history. ISI was 22% lower (p<0.05) in the offspring than the controls group at baseline, but only 8% lower (NS) following exercise training. This augmented response to exercise training in the offspring supports our primary hypothesis and is consistent with the literature from cross-sectional studies [12] [13] [14] . Changes in body composition over the intervention were small in both groups and although the offspring lost slightly more body fat than controls (by ∼0.6 kg), this did not explain their greater improvement in ISI in multivariate analysis. Similarly, the larger increase in ISI in the offspring could not be explained by differences in compliance to the exercise intervention or differences in changes in fitness or energy intake between the two groups. Despite having similar levels of adiposity and fitness, and similar dietary intakes, members of the offspring group were more insulin-resistant than the control group at baseline, consistent with other data in the literature [7] [8] [9] . It is possible that this increased baseline insulin resistance contributed to the offspring group's greater change in insulin sensitivity in response to the intervention: baseline ISI was a significant predictor of change in ISI in the present study, and other studies have reported greater exercise-induced changes in insulin sensitivity in participants who were more insulin-resistant at baseline [14, 24, 25] . As offspring of type 2 diabetes patients have an innate predisposition to insulin resistance and increased baseline insulin resistance is a well-established component of the offspring 'phenotype' [7] [8] [9] , it is difficult to determine the extent to which diabetes family history versus increased baseline insulin resistance itself contributed to the increased change in ISI with exercise training in the present study. However, irrespective of whether this is due to increased insulin resistance at baseline or other underlying factors, the present data indicate that offspring of type 2 diabetes patients form an easily identifiable group who will particularly benefit from increasing their level of physical activity.
Circulating leptin concentrations decreased by 24% in response to the intervention in the offspring but were unchanged in the control group. Indeed, change in leptin was another factor that correlated significantly with change in ISI. At least part of the greater change in ISI in the offspring group could be explained by a greater change in leptin, and while it is well established that leptin concentration correlates with fat mass [20] , the relationship between change in leptin and change in ISI was not attenuated by adjustment for change in fat mass. Further investigation is needed to determine why leptin changed to different degrees between the groups and whether this plays a causal role in mediating the exercise training-induced changes in ISI.
Our results differ slightly from the findings of earlier smaller studies, which found similar improvements in insulin sensitivity in response to an exercise training intervention in adults with and without a family history of type 2 diabetes [26, 27] . One possible explanation for this discrepancy is the sex of participants. The earlier reports [26, 27] studied mixed groups of men and women, whereas we studied women only. In the HERITAGE family study, the improvement in insulin sensitivity in response to exercise training was three times as great in men as in women (16% vs 5%) [28] , suggesting that changes in insulin sensitivity in response to exercise training differ between the sexes. Thus, it is possible that the augmented response to exercise training in the offspring group in the present study is sex-specific and further investigation is needed to determine whether our findings extend to men.
The present investigation has a number of strengths. It is the largest study to date investigating the effects of exercise training on insulin sensitivity in offspring of patients with type 2 diabetes and thus well powered to detect changes in the main outcome measures; moreover, the exercise intervention, moreover, was tightly controlled and quantified. The control and offspring groups were well matched for age and adiposity. Although we did not strictly control diet during the intervention, we asked participants not to change their dietary habits during the study and participants undertook 'gold-standard' 7-day weighed food records during the weeks preceding each OGTT: these data indicate that dietary intakes did not differ between the groups or change over the course of the intervention. It is always difficult to undertake intervention studies in pre-menopausal women because of the potential confounding effects of menstrual cycle. However, we felt it important to study this group because they are relatively understudied in the field of cardiovascular and diabetes risk and because the development of diabetes in women has a more profound effect on cardiovascular risk than in men [29] . We attempted to control for the effects of menstrual cycle by performing pre-and post-intervention assessments at an interval of 8 weeks, so that, as far as possible, all measurements for each individual would be made in the same menstrual cycle phase [15] . Although women with very long or short menstrual cycles may not have been studied in the same phase of menstrual cycle in their pre-and postintervention tests, there is unlikely to have been a systematic difference in this respect between the groups, and the number of women this would apply to would have been small [15] , so this is unlikely to have had a major influence on the study findings.
This study is not without limitations. We assessed insulin sensitivity using OGTTs, rather than 'gold standard' euglycaemic-hyperinsulinaemic clamps. The reason for this was pragmatic. Over 160 OGTTs were performed during this study and it would not have been feasible to undertake a study of this size using euglycaemic-hyperinsulinaemic clamps. However, the ISI index used in this study correlates well with clamp-derived measures of insulin sensitivity [23] In conclusion, the data from the present study indicate that women with a family history of type 2 diabetes experience greater improvements in insulin sensitivity following an exercise intervention than women with no diabetes family history undertaking the same programme. Further study is needed to determine whether these findings extend to men and to elucidate the mechanisms underpinning why offspring of type 2 diabetic patients exhibited this augmented response to exercise training.
